The human pathogenic amoeba Acanthamoeba castellanii (A. castellanii) causes severe diseases, including acanthamoeba keratitis and encephalitis. Pathogenicity arises from the killing of target-cells by an extracellular killing mechanism, where the crucial first step is the formation of a close contact between A. castellanii and the target-cell. This process is mediated by the glycocalix of the target-cell and mannose has been identified as key mediator. The aim of the present study was to carry out a detailed biophysical investigation of mannose-mediated adhesion of A. castellanii using force spectroscopy on single trophozoites. In detail, we studied the interaction of a mannose-coated cantilever with an A. castellanii trophozoite, as mannose is the decisive part of the cellular glycocalix in mediating pathogenicity. We observed a clear increase of the force to initiate cantilever detachment from the trophozoite with increasing contact time. This increase is also associated with an increase in the work of detachment. Furthermore, we also analyzed single rupture events during the detachment process and found that single rupture processes are associated with membrane tether formation, suggesting that the cytoskeleton is not involved in mannose binding events during the first few seconds of contact. Our study provides an experimental and conceptual basis for measuring interactions between pathogens and target-cells at different levels of complexity and as a function of interaction time, thus leading to new insights into the biophysical mechanisms of parasite pathogenicity.
Introduction
Pathogenic amoebae can cause severe and hard-to-treat infections, ranging from localized infections to life-threatening diseases, such as encephalitis [1] . Still, most amoeba-related diseases occur in regions with limited access to clean water resources. Swimming pools and contact lenses have also been identified as sources of contamination with Acanthamoeba spp. and Naegleria spp. [2] [3] [4] .
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The genus Acanthamoeba spp. consists of species of free-living amoebae [2, 5] . There are both pathogenic acanthamoebae, such as Acanthamoeba castellanii [5] or A. culbertsoni [6] , and non-pathogenic acanthamoebae like A. comandani [7] In recent years, a lot of interest in medical research has focused on A. castellanii, as it not only causes severe diseases such as amoebic keratitis and chronic granulomatous amoebic encephalitis [8] , but as this thread is further enhanced by the variety of ways for humans to be exposed to them during everyday life. Furthermore, A. castellanii can host endosymbionts (e.g. Legionella pneumophila), increasing their pathogenic potential and leading to an increased risk of other infections such as legionnaires' disease [2, 8] . When brought into the eye, A. castellanii invade the corneal epithelium, where they kill cornea epithelial cells in a contact dependent process and cause inflammatory diseases [9] [10] [11] . The infection risk is especially high for contact lense users, since acanthamoebae can adhere to the lenses [12] and a growing number of people using contact lenses requires a deeper understanding of basic invasion and cell-killing mechanisms of A. castellanii [9, 13] .
Although a lot of research has concentrated on A. castellanii, most studies focused on improving medication strategies and treatments against acanthamoebae infections. Recent findings implicate an important influence of biophysical factors on the behavior of A. castellanii. For example, it has been shown that the cell adhesion area of A. castellanii trophozoites depends on substrate stiffness [14] . Another example is that the number of pseudopodia (called acanthopodia [15] ) of amoebae trophozoites correlates with their pathogenic potential -non-pathogenic species show less acanthopodia than pathogenic ones. Trogocytosis (internalization of fragments of living cells) [16] , cytolysis and ingestion of target cells through food cups are typical cell killing mechanisms of amoebae and the latter two have been already observed in A. castellanii [2] . Furthermore, the cell killing mechanism of A. castellanii is contact-dependent, meaning that molecular interactions are essential for A. castellanii pathogenicity [17] .
It has been reported that the presence of the carbohydrate mannose in the membrane of the target cell is necessary for pathogenic acanthamoebae to form contacts to this cells. Indeed, mannose is also part of different adhesion promoting proteins such as laminin and fibronectin [18, 19] . Contact formation of A. castellanii is initiated between the mannose on the membrane of target cells and mannose-binding proteins (MBP) in the membrane of the amoebae [20] and subsequently, cytolytic factors move to the contact site and are released leading to targetcell death [17, 19, 21] . Mannose blocking and saturation experiments resulted in reduced adhesion of acanthamoebae to target cells and reduced cytotoxicity and no other molecule has so far shown a similar effect [20, 22, 23] . Furthermore, injuries in the epithelial barrier have been shown to increase the risk of an acanthamoebae infection also for non-contact lens users, which has been connected to a possibly increased mannose content in these areas [24, 25] . A reduced concentration of MBP in non-pathogenic acanthamoebae compared to pathogenic species is another hint pointing at a dependency of pathogenicity on mannose [18] . Hence, a better understanding of mannose-mediated A. castellanii interactions could lead to novel strategies for preventing and fighting acanthamoeba-born diseases.
In this study, we measured the interaction forces between mannose and A. castellanii using an atomic force microscope (AFM), which is a well-established and highly precise tool to investigate forces from the cellular level down to the level of single ruptures [26] . Using the AFM, we measured the interaction forces of single trophozoites and mannose-coated cantilevers, which mimicked the pathogenicity-relevant part of the glycocalix. We also present a detailed analysis of rupture events that occur during the detachment process. Our data show that mannose is indeed a key factor for the interaction of human pathogenic A. castellanii and that its adhesion is independent of the cytoskeleton at the timescales studied here. were seeded into tissue culture bottles (25 ml, Sarstedt AG & Co., Nümbrecht, Germany) and 0.5 ml of one of the bead solutions were added. The samples were observed with an inverted phase contrast microscope (Olympus CKX41) equipped with a camera (C9300, Hamamatsu, Hamamatsu, Japan) and 50 images of each bottle were taken right after the addition, after 2 h and after 4 h incubation time at room temperature. The number of acanthamoebae adhering to the beads and the total number of acanthamoebae in the resulting images were counted.
Materials and methods

Cell culture
Cantilever preparation
The AFM setup used in this study was a CellHesion 1 200 AFM head (JPK Instruments, Berlin, Germany) mounted on an IX71 inverted microscope (Olympus Deutschland GmbH, Hamburg, Germany), which was equipped with a colour CCD camera (The Imaging Source Europe GmbH, Bremen, Germany). The instrument was controlled using the CellHesion 1 200 Control Software (version 4.3.48, JPK Instruments, Berlin, Germany). Tipless cantilevers (MLCT-O10 or NP-O10, Bruker AFM Probes, Camarillo, USA) were used. Prior to use, each cantilever was calibrated for its spring constant and its sensitivity. Cantilevers were washed for some seconds in acetone (Sigma-Aldrich Chemie GmbH, Munich, Germany), dried in air, washed in double distilled water before being mounted into the AFM setup. The spring constant of a cantilever was calibrated in air using the well-established thermal noise method implemented in the JPK control software. Calibration was carried out three times for each cantilever and the averaged spring constants were used in the analysis. In this study, spring constants ranged from 0.03 N/m up to 0.35 N/m. After calibration, a cantilever was functionalized with a BSA biotin-streptavidin-α-Dmannose-sp-biotin sandwich: A 50 μl drop of BSA biotin (0.5 mg/ml, Sigma-Aldrich Chemie GmbH, Munich, Germany) was put onto a Parafilm 1 in a six-well plate. The cantilever chip was immersed in the droplet and incubated at room temperature for at least 16 h. After being washed in 1×PBS the procedure was repeated with a 50 μl drop of streptavidin (0.5 mg/ml, Sigma-Aldrich Chemie GmbH, Munich, Germany) for 30 min to 1 h. The cantilever was washed again in 1×PBS before it was immersed into a 50 μl of α-D-mannose-sp-biotin (0.1 mg/ml, GlycoTech Corporation, Gaithersburg, Maryland, USA) for 1 h to 2 h. As a final step, the chip was again washed in 1×PBS buffer. Functionalized cantilevers were either used directly or they were stored up to five days in a drop of the carbohydrate-biotin solution in a six well plate sealed with Parafilm 1 at 5˚C.
Force spectroscopy on A. castellanii trophozoites 2 × 10 4 A. castellanii were seeded into a plastic petri dish (Techno Plastic Products AG (TPP),
Trasadingen, Switzerland) in PYG medium. After the acanthamoebae adhered, the PYG medium was removed, the cells were washed with 50mM sodium chloride and 1.5 ml of NaCl (50 mM) was added. The petri dish was installed into the PetriDishHeater™ (JPK Instruments, Berlin, Germany) and a calibrated and functionalized cantilever was approached to an adhering trophozoite with force setpoints ranging from 8 nN to 16 nN. The effective force applied to the acanthamoebae depends on the migration and adaptation of the acanthamoebae in a single experiment so that the effective contact force is also influenced by the cell. However, as shown in S1 Fig, the measured rupture forces are not significantly influenced by a change of the force setpoint. After a contact time of 0.5 s, 5 s or 10 s respectively, the cantilever was retracted with a speed of 5 μm/s and a force distance curve in constant-height mode was recorded with a sampling rate of 4096 Hz and pulling lengths ranging from 50 μm to 90 μm. For each cell, 20 to 50 curves were recorded and for each contact time, 5 or 6 cells were probed.
Inhibition of mannose-mediated interactions
To prove the specificity of mannose-mediated binding, control experiments were carried out.
A. castellanii were incubated for 30 min at room temperature in NaCl containing α-D-mannose (50 mM, Sigma-Aldrich Chemie GmbH, Munich, Germany) prior to approaching a mannose functionalized cantilever to a trophozoite. This concentration was chosen according to previous studies [19, 27] . The following force spectroscopy experiments were conducted using 5 s contact time in constant force mode.
Data processing
The retraction segments of the measured force-distance curves were smoothed, the tilt as well as the y-offset and x-offset were subtracted, and the maximum adhesion force and the work of detachment were calculated using the JPK data processing software spm-5.1.8 (JPK Instruments, Berlin, Germany). A homemade program written in Matlab 1 (Mathworks, version R2015a(8.3.0.532)) using a step detection algorithm based on using the 1D edge detector [28] twice was used to detect the bottom and top edges of the last two rupture steps of the retraction segment. Steps smaller than 50 pN were ignored. Furthermore, the program calculated the rupture position (distance from the position of the last force step to the contact point), the length of the tether prior to the last rupture step, the force-loading rate (slope of the force curve prior to the last step), and the single rupture force of the last step. A linear fit was applied to the last 10 μm prior to the last rupture step in order to determine the loading rates. If the distance between the last and the second last rupture step was smaller than 10 μm, the fitting range was changed to this distance to avoid artifacts in the force loading rates (very high positive values) due to fitting through the second last rupture step. Histograms and box plots as well as student's t-tests for significance were carried out with Origin (OriginLab Coorporation, version 9.1.0 Sr3).
Results
Force spectroscopy on single A. castellanii trophozoites
To confirm that exclusively pathogenic species of acanthamoebae form adhesive contacts in a mannose dependent manner, we cultured A. castellanii and A. comandoni in proximity of mannose-agarose or sepharose coated beads. The amount of amoebae adhering to the beads as well as the total number of amoebae were counted directly, 2h and 4h after cell seeding. The results and a representative image of the experiment are presented in Fig 1. The A. castellanii trophozoites adhere exclusively to mannose-agarose coated beads and the number of adhering acanthamoebae increases with time, but only for A. castellanii. No significant adhesion of A. castellanii to sepharose beads was observed. Only very few A. comandoni adhered to both mannose-agarose and sepharose beads. No difference could be observed in the adhesive interaction of A. comandoni with manose-agarose or sepharose beads. Due to these differences, and as only pathogenic A. castellanii displayed adhesion to the mannose-agarose beads we conducted a further, more detailed study of the mannose dependent adhesive behavior of A. castellanii using AFM based force spectroscopy to learn more about the binding dynamics of these parasites to mannose. Fig 2 presents an example of a force-distance curve while probing the adhesion of an A. castellanii trophozoite with the AFM. The cantilever is approached to the cell (1) until a set-point force is reached ("approached"). During contact (dwell time), the cell has time to viscoelastically relax and also to form new contacts to the cantilever, which is bent due to the active pushing and crawling of the amoeba (2). After a defined contact time, the retraction starts and the cantilever is bent into the opposite direction as the cell withstands the pulling due to its adhesion to the surface of the petri dish. After a certain force (the so-called maximum adhesion force) is reached, the contacts between the cell and the cantilever rupture and a step like pattern can be observed in the force curve (3). The height of one step shows the force that was The cantilever is approached to the cell at -10 s and the force increases to the setpoint value before it decreases due to viscoelastic relaxation. Subsequently the force increases again to values much larger than the setpoint as the acanthamoeba pushes against the cantilever. At 0 s the cantilever is retracted and detachement of cellular adhesions can be observed as steps in the force data.
necessary to break the connections between cell and cantilever and the length and slope of the horizontal part of the step gives information on loading rate (dF/ds) and the nature of the ruptured contact. Contacts between the cantilever and the cytoskeleton are mechanically very stable and rigid and show a strongly negative slope before the rupture event while slopes close to zero indicate membrane tethering. A tether is a tubular structure that is pulled out of the cellular membrane if the cantilever is exclusively connected to this membrane [29, 30] . After all contacts are ruptured, the cantilever is no longer in contact with the cell and no further cantilever bending is observed (4). Cantilever deflections are converted into forces using a calibration procedure prior to an experiment.
The data that can be gained from such force-distance curves include the total detachment force (the force necessary to initiate the cantilever detachment from the cell) denoted by the minimum of the force curve, the work of detachment (work required to fully detach cantilever from the cell), which is the area under the force curve, the last rupture force (height of the last rupture event, describing the final connection between cantilever and cell), the slope prior to the last rupture event (characterizing the mechanical connection between cantilever and cell) and, in case of tether events, the length of the last tether, as this provides a force clamp to the final connection between cell and cantilever [29] . For single rupture investigations, only the last rupture event is evaluated as earlier events may present artifacts in single rupture forces as several molecules may be ruptured simultaneously or as other existing adhesions can be loaded with forces and hence lower the rupture force [26] .
For this study, we approached a mannose functionalized cantilever to an isolated adhering A. castellanii trophozoite. After contact times of 0.5 s, 5 s or 10 s, the cantilever was retracted and force-distance curves were recorded. For each contact time, several cells were probed and many force curves were recorded per cell. First, we evaluated if different contact times lead to differences in the total rupture forces and work of detachment. The results are presented in Fig 3 and clearly show that longer contact times lead to higher total rupture forces as well as higher work of detachment. Very high total rupture forces of up to 30 nN were recorded. We assume that the cantilever coating was not changed throughout the recording of the force curves (see S2 Fig) .
We intended to further understand the influence of time on cell adhesion rupture forces by investigating how single rupture events depend on contact time. We examined the force necessary to induce the last rupture event of each force curve as well as the slope and length of the tether prior to this rupture event. The results are shown in Fig 4. A weakly significant difference (p 0.05) of last single rupture forces was recorded between 0 s and 5 s contact time and a strongly significant difference (p 0.001) between 0 s and 10 s contact time. No significant change of last single rupture forces was recorded between 5 s and 10 s contact time suggesting that no huge adhesion clusters are formed. Still, the formation of tiny clusters cannot fully be excluded due to the statistically significant increase in single rupture force between 0.5 and 10 sec contact time. The slopes prior to the rupture event were not significantly affected by the duration of cell cantilever contact and all measured slopes were above -100 pN/s. A significant change in tether lengths was only recorded between 0 s and 10 s contact time (p 0.001) Fig 5 presents the two-dimensional probability density plots of slopes versus position of the last rupture event. Information on the mechanical nature of the bonds between the A. castellanii trophozoite and the mannose coated cantilever can be drawn out of these plots. Higher probability densities at higher rupture positions and narrower slope distributions were measured for higher contact times.
To show that the contacts formed between cantilevers and A. castellanii trophozoites were based on specific bonds between mannose and MBP, we performed control experiments where mannose receptors were blocked by exposing cells to a high concentration of mannose in the medium. In Fig 6 the total rupture forces and work of detachment needed to detach a mannose functionalized cantilever from A. castellanii incubated in mannose and non-incubated A. castellanii trophozoites are presented. Clearly, incubating the trophozoites in mannose prior to the force spectroscopy experiments leads to much lower rupture forces and work of detachment.
Discussion
Previous studies on the mannose-mediated adhesion of acanthamoebae have shown that their pathogenicity is related to the expression of an MBP and therefore to adhesion to mannose [17] [18] [19] . The aim of our study was therefore to gain a detailed biophysical insight into adhesion and binding mechanics during the contact-mediated target-cell killing process of acanthamoeba by investigating mannose-mediated binding events. As a first result, we found a clearly increased adhesion of human pathogenic A. castellanii to mannose-agarose beads compared to non-pathogenic A. comandoni, which might result from a higher expression of MBPs in pathogenic A. castellanii.
Due to this finding a particular focus of our study was the investigation of mannose-mediated binding of A. castellanii trophozoites down to the level of single rupture events using force spectroscopy on single trophozoites. It is noteworthy that force spectroscopy on acanthamoebae requires a few modifications to the classical Single-Cell Force Spectroscopy experiment used for mammalian cells. There, the cell is typically glued to the cantilever [26, 32] and contact times of several minutes can easily be probed with the cell as an almost spherical object at the cantilever [33] . This is not possible for acanthamoebae due to their strong motility, which pushes the cantilever up and pulls it down. Instead, we needed to use the cantilever as a mannose-coated probe (to mimic the contact-relevant parts of the coat of the target-cell) and chose a relatively high force setpoint to hinder the acanthamoeba from crawling away from the cantilever. The magnitude of total detachment force measured in our experiments is striking, as interaction forces of up to 30 nN were observed. This high force might be caused by the large contact area between the tipless cantilever and the trophozoite, which was induced by a high setpoint in contact force between cantilever and cell. In general, we observed a strong dependency of forces and work necessary to detach a mannose-coated cantilever from an A.castellanii trophozoite on contact time (Fig 3, which is typical for adhesive cells [33] ). Mannose binding turned out to be a relatively fast process as detachment forces of up to 7 nN were measured for 0.5 s contact time, whereas we measured forces of 150 pN to 200 pN for single ruptures.
By evaluating the slopes prior to the last rupture event we found that the slopes were above -100 pN/s for all investigated contact times. Sariisik et al. stated that slopes above -30 pN/μm indicate the pulling of tether from the trophozoite membrane prior to the rupture event. Considering our pulling speed of 5 μm/s this value becomes -150 pN/s. A tether is a thin membrane tube that is often pulled out from the cell membrane when a force is applied to a membranebound receptor, which is not connected to the cytoskeleton. This prevents the receptor from being loaded with further force and the tether acts as a force clamp. In such cases the receptor- [31] . Since our cantilever retraction speed was 5 μm, tethers occur if slopes are above -150 pN/s, which is the case for all our measurements. The figure on the bottom also includes the corresponding histograms for slope and rupture position distributions. The axes of ordinates of these histograms represent counts.
https://doi.org/10.1371/journal.pone.0176207.g005 ligand bond does not rupture due to an increase in external load, but rather because the force clamp is applied for an extended time and thus increases the probability of the bond to overcome the energy barrier to the unbound state [29, 30] . Recently, Sariisik et al. have shown that the cytoskeletal coupling of bonds measured with force spectroscopy on single cells can be studied using two-dimensional probability density plots of rupture position versus slope [31] . Using this representation on our data, we could show that exclusively tethers without cytoskeletal coupling are associated with the last rupture events for all studied contact times. This is very interesting, as acanthamoeba migration and adhesion to surfaces is indeed strongly influenced by the cytoskeleton and molecular motors [34, 35] , whereas mannose-mediated binding is according to our data independent of the cytoskeleton. As mannose-mediated binding in pathogenic killing events relies on short-term interactions between A. castellanii and targetcells, we therefore assume that for this very specific and short-term interaction the cytoskeleton plays only a minor role. In addition, analysis of the magnitude of single rupture events has shown that their average values only increased slightly with contact time. This indicates that mannose-mediated interactions rather rely on single molecule binding or on smaller clusters than on larger adhesion clusters, which could be an explanation for the high pathogenicity and thus efficient target-cell killing of acanthamoeba.
In summary, we present here for the first time data of single rupture event interactions between pathogenic A. castellanii and a mannose-coated cantilever, which mimicks that part of the target-cell's glycocalix that is relevant for the cytolytic reaction and thus for target-cell killing. Large forces and energies are needed to detach an A. castellanii completely from the cantilevers and these increase with contact time, which is reasonable as more and more mannose binding proteins can diffuse into the contact region with time. However, on a single rupture level, the rupture forces increased only slightly, indicating that adhesion strengthening by the formation of large adhesion clusters can be excluded. The acanthamoebae apparently form very quickly very strong bonds between the MBP proteins in their membranes and the mannose on target cells. These bonds are not stably connected to the acanthamoeba's cytoskeleton, as our experiments have exclusively shown anchorage of MBP in the membrane. Our study can serve as a starting point for future force spectroscopic studies on cellular interactions that are related to receptor-mediated, pathogenic reactions in parasites. The measured rupture forces are plotted versus the number of force curves that already were recorded with the utilized cantilever. 56 curves, which were recorded on one cell with 10 s contact time, were taken into account. This is the maximum amount of time a cantilever has been used on one cell during this study. The data do not show a decline of rupture forces with time for these 56 curves. (PDF) Acknowledgments C. S., J. F. R. and S. H. acknowledge support from the DFG through the Emmy Noether program (grant SE-1801/2-1), as well as from the ERC (Starting grant no. 336104). We further acknowledge Constanze Lamprecht for her support with the AFM and Manuela Lieb for support in the lab.
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